Abstract Solar geoengineering has been proposed as a potential means to counteract anthropogenic climate change, yet it is unknown how such climate intervention might affect the Earth's climate on the millennial time scale. Here we use the HadCM3L model to conduct a 1000 year sunshade geoengineering simulation in which solar irradiance is uniformly reduced by 4% to approximately offset global mean warming from an abrupt quadrupling of atmospheric CO 2 . During the 1000 year period, modeled global climate, including temperature, hydrological cycle, and ocean circulation of the high-CO 2 simulation departs substantially from that of the control preindustrial simulation, whereas the climate of the geoengineering simulation remains much closer to that of the preindustrial state with little drift. The results of our study do not support the hypothesis that nonlinearities in the climate system would cause substantial drift in the climate system if solar geoengineering was to be deployed on the timescale of a millennium.
Introduction
Increasing emissions of carbon dioxide from fossil fuel burning in recent decades have led to growing interest in using geoengineering as a potential means to counteract undesirable effects of global warming [Keith, 2000; Crutzen, 2006; The Royal Society, 2009; Caldeira et al., 2013; National Research Council, 2015a , 2015b . Geoengineering, which is the deliberate large-scale manipulation of the planetary environment to diminish the undesired effects of anthropogenic climate change [Keith, 2000] , includes two categories of methods: carbon dioxide removal (CDR) and solar geoengineering, also known as solar radiation management (SRM) [The Royal Society, 2009] or albedo modification [National Research Council, 2015a] . CDR methods, by accelerating the removal of excess atmospheric CO 2 , deal with a proximal cause of anthropogenic climate change. On the other hand, solar geoengineering methods aim to counteract anthropogenic warming by reducing the amount of sunlight reaching the Earth system. Because of its potential to cool the Earth rapidly at relatively low direct costs [National Research Council, 2015a] , solar geoengineering has been a focus of research in the last decade.
Many modeling studies have investigated the effect of solar geoengineering on global climate. Simulations with direct reduction in solar irradiance have been widely used to examine climate response to idealized sunshade geoengineering scheme [e.g., Govindasamy and Caldeira, 2000; Govindasamy et al., 2003; Caldeira and Wood, 2008; Bala et al., 2008; Lunt et al., 2008; Irvine et al., 2009; Kravitz et al., 2013; Kalidindi et al., 2014] . Climate effects of stratospheric aerosol injection geoengineering are also being researched intensively [e.g., Rasch et al., 2008; Robock et al., 2008; Jones et al., 2011; Ferraro et al., 2011; Niemeier et al., 2013; Kalidindi et al., 2014] . These studies, in general, find that solar geoengineering is able to diminish a large part of CO 2 -induced anthropogenic climate change, including surface warming, decline in Arctic sea ice, melting of Greenland ice sheet, and sea level rise. However, solar geoengineering is not able to restore a "natural" preindustrial climate for all regions and all climate fields. For example, if solar geoengineering is used to offset all CO 2 -induced global mean warming, there will be a reduction in the global mean precipitation [e.g., Bala et al., 2008; Caldeira and Wood, 2008; Kravitz et al., 2013a; Tilmes et al., 2013] . Recently, a set of standard solar geoengineering simulations were performed by multiple climate models as part of the Geoengineering Model Intercomparison Project x(GeoMIP) [Kravitz et al., 2011 [Kravitz et al., , 2013a [Kravitz et al., , 2013b . These simulation experiments investigated climate response to geoengineering schemes including solar intensity reduction, stratospheric aerosol injection, and marine cloud brightening.
Most existing modeling studies on solar geoengineering have focused on climate consequence of solar geoengineering over timescales ranging from decades to a century. There is no peer-reviewed study CAO ET AL.
EFFECT Eby et al., 2009; Gillett et al., 2011; Winkelmann et al., 2015] . A multimodel intercomparison study showed that in response to a 1000 (5000) Pg C CO 2 pulse emission, after 1000 years, about 10-30% (20-60%) CO 2 emission would remain in the atmosphere. Under the scenario of representative concentration pathways (RCPs 4.5-8.5) and their extensions, if anthropogenic CO 2 emissions were eliminated after year 2300, at year 3000, 85-99% of the maximum warming still remains and sea level continues rising [Zickfeld et al., 2013] . The long-term warming even after the elimination of anthropogenic CO 2 emission could also potentially lead to a collapse of the West Antarctic Ice Sheet [Gillett et al., 2011] as well as loss of nearly all of the East Antarctic Ice Sheet [Winkelmann et al., 2015] , further contributing to large sea level rise. McCusker et al. [2015] found that in the scenario considered in their model, stratospheric aerosol injection did not effectively preserve the West Antarctic Ice Sheet because of continued upwelling of warm water that causes basal melting. As reported in the National Research Council [2015a] , under the extended emission scenario of RCP 4.5, in the absence of further CO 2 emission reduction and large-scale deployment of CDR, solar geoengineering needs to be maintained to nearly year 2700 to keep CO 2 -induced warming under 2°C. For the extended emission scenario of RCP 6.0, in the absence of further emission reduction and largescale deployment of CDR, solar geoengineering needs to be maintained to year 3000 and beyond to keep CO 2 -induced warming under 2°C.
In this study we examine long-term climate response to solar geoengineering over a time period up to a millennium. We use a coupled atmosphere-ocean climate model to perform long-term sunshade geoengineering simulation with a constant elevated atmospheric CO 2 level. We use this type of idealized simulation as the first attempt to understand long-term climate response to solar geoengineering, which was an unknown as emphasized in the National Research Council report [2015a] .
Method
We use the UK Met Office Hadley Center climate model, HadCM3L [Cox et al., 2000] , for this study. HadCM3L has a horizontal resolution of 3.75°longitude and 2.5°latitude for both the atmosphere and ocean with 19 nearly horizontal levels in the atmosphere and 20 horizontal levels in the ocean. The land component is represented by the MOSES II land surface scheme [Essery and Clark, 2003 ] with prescribed vegetation types and distributions. We first spun up the model for 3000 years under a constant atmospheric CO 2 concentration of 280 ppm and the default solar irradiance of 1365 W m À2 to obtain a quasi-equilibrium preindustrial climate state. Then, using the preindustrial climate state as the initial condition, three 1000 year simulations were performed: (1) a control simulation (CTR) with constant atmospheric CO 2 concentration of 280 ppm and the default solar irradiance of 1365 W m À2 ; (2) a 4 × CO 2 simulation in which atmospheric CO 2 is instantaneously quadrupled to 1120 ppm; (3) a SRM simulation in which atmospheric CO 2 is maintained at 4 × CO 2 and at the same time solar irradiance is reduced by 4%. In HadCM3L a 4% reduction in solar irradiance approximately offsets global mean warming from 4 × CO 2 . This SRM simulation approximately mimics the effect of spacebased sunshade geoengineering [Angel, 2006] . The three simulations performed here are of the similar design as the piControl, abrupt 4 × CO 2 , and the G1 experiment of GeoMIP [Kravitz et al., 2011] , but with a much longer simulation period.
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The overall departure of perturbed climate from preindustrial state can be measured in terms of root-meansquare (RMS) difference. Following the method of Kravitz et al. [2013a] , we calculate the RMS difference for a climate variable between the simulation of 4 × CO 2 /SRM and CTR as
where V exp and V ctr are annual mean values for a climate variable at a model grid from the experimental simulation (4 × CO 2 or SRM) and control simulation, respectively. dA is area of a model grid, and the summation is calculated for the entire globe, and separately for land and ocean. RMS difference defined in this way serves as a bulk measure of global climate departure from the control state.
Results
During the course of our 1000 year simulation, reduced solar irradiance offsets much of the global net energy imbalance at Top-of-Atmosphere (TOA) caused by increased atmospheric CO 2 , leading to a global mean energy balance close to that of the control preindustrial state ( Figure 1a ). The maintenance of preindustrial TOA energy balance enables solar geoengineering to offset much of CO 2 -induced warming throughout the 1000 year simulation period (Figures 1d-1f) . Averaged over the latter half of the first century (years 60-100), the departure of global mean surface temperature in 4 × CO 2 and SRM from CTR is 4.5 and 0.3 K, respectively. Averaged over the latter half of the last century (years 960-1000), the temperature departure in the 4 × CO 2 simulation increases to 5.8 K but remains at 0.3 K for SRM (Figures 1d-1f and Table S1 in the supporting information).
During the 1000 year simulation period, elevated atmospheric CO 2 level increases global mean precipitation, and SRM causes a reduction in precipitation (Figure 1g ). The decrease in global precipitation in SRM is a robust climate response in solar geoengineering simulations where solar irradiance reduction offsets CO 2 -induced global mean warming [e.g., Bala et al., 2008; Caldeira and Wood, 2008; Lunt et al., 2008; Kravitz et al., 2013a] . As elucidated in previous studies [e.g., Andrews et al., 2009; Cao et al., 2012] , this precipitation reduction is mainly a result of different fast precipitation response to CO 2 and solar forcing that develops prior to appreciable surface warming. Increased atmospheric CO 2 content increases stability of the lower atmosphere; this suppresses precipitation. In contrast, a change in solar intensity has little direct effect on precipitation (i.e., prior to the development of appreciable surface warming). In our simulation, SRM also prevents much of the sea ice melting throughout the 1000 year simulation period (Figure 1m ). Specifically, in the 4 × CO 2 simulation, global sea ice area shrinks by 42% and 58% for the periods of years 60-100 and 960-1000, respectively. For the same periods, simulated global sea ice area in SRM is only 6% and 4% less than that of the CTR (Table S1 ). Thus, the change in the amount of sea ice in the 900 years separating those two periods is 16% in the 4 × CO 2 simulation but only 2% in the SRM simulation, indicating less climate drift in the SRM simulation.
Increased atmospheric CO 2 increases net primary production (NPP) mainly as a result of CO 2 -fertilization effect, but the increase in NPP diminishes with time ( Figure 1o ) primarily because of increased surface temperature that imposes additional heat stress on the terrestrial biosphere. SRM, by reducing heat stress while maintaining the CO 2 -fertilization effect, increases global NPP by a much larger amount than that of the 4 × CO 2 (Figure 1o ). We note that in our simulations, vegetation type and distributions are fixed, and there is no consideration of nutrient limitation. In addition, there are no changes to the fraction of direct to diffuse light nor aerosol-related ozone changes that could affect plant productivity. Therefore, cautions must be exercised in interpreting the simulated NPP response. Our 1000 year simulations are of much longer period than the GeoMIP simulations that last for only 50 years. Nevertheless, by comparing HadCM3L-simulated climate response during the first 50 years with that of corresponding GeoMIP simulations [Kravitz et al., 2013a] , it is seen that HadCM3L-simulated climate change in response to 4 × CO 2 and SRM is within the range of corresponding GeoMIP simulations (Table S2 ).
The simulated zonal and spatial patterns of climate change, including surface temperature, precipitation, precipitation minus evaporation (P À E), TOA and surface net energy flux balance, and NPP between 4 × CO 2 and SRM are compared in Figures 2a-2c and S1-S5. There is little shift in the zonal and spatial
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patterns of simulated climate change in SRM between the latter half of the first century (years 60-100) and the latter half of the last century (years 960-1000). For example, throughout the 1000 year simulation, SRM causes an overcooling in the tropics and residual warming in the polar region (Figures 2a and S2 ) and a noted reduction in precipitation in the tropical region (Figures 2b and S3 ). In general, for both the first and last centuries, SRM leads to a global climate that is much more closer to CTR than is the 4 × CO 2 simulation.
The change in large-scale ocean circulation in response to solar geoengineering over several centuries has not been the focus of investigation in previous studies. In our simulations, in response to 4 × CO 2 , the modeled strength of maximum Atlantic meridional overturning circulation (AMOC) decreases from its preindustrial value [2008] , using 220 year HadCM3L simulations, reported a preindustrial AMOC strength of 18 Sv and a maximum AMOC reduction of 5 Sv in response to 4 × CO 2 . As shown in Figure 1n , after the initial decrease in response to 4 × CO 2 , simulated AMOC slowly recovers and eventually overshoots its preindustrial value. The initial weakening and gradual recovery of AMOC in response to increased atmospheric CO 2 concentration are common features found in many climate model simulations [e.g., Stouffer and Manabe, 1999; Cheng et al., 2013; Collins et al., 2013] . The initial weakening of AMOC is associated with increased surface temperature and freshwater flux at high latitude (Figures 2a, 2c , and S1), which reduces the density of surface water in the North Atlantic. Gregory et al. [2005] found that in 11 climate models, reduction in AMOC is caused more by the change in surface heat flux than change in freshwater flux. Over longer timescales, the simulated strength of AMOC starts to recover (Figure 1n ), which would be an expected consequence of the gradual warming of subsurface water in lowand middle-latitude ocean [Manabe and Stouffer, 1994; Stouffer and Manabe, 1999] and increased northward salinity advection [Thorpe et al., 2001; Bitz et al., 2007] . A detailed analysis of the individual contribution to the reduction and recovery of AMOC, which requires additional simulations separating the role of heat and freshwater flux, is beyond the scope of this study. Nevertheless, HadCM3L-simulated AMOC change in response to 4 × CO 2 during the first 50 years is within the range of AMOC response from corresponding GeoMIP simulations (J. Moore, Beijing Normal University, personal communication, 2016).
In contrast to 4 × CO 2 , throughout the 1000 year simulation, the intensity and pattern of AMOC show little change in our SRM simulation (Figures 1n and 3) . During the 1000 year simulation period, the pattern of global meridional overturning circulation is much closer to CTR in the SRM simulation than in the 4 × CO 2 simulation (Figures 3 and S6) , suggesting that SRM may be able to stabilize the Atlantic meridional overturning circulation on this time scale. The stabilization of AMOC in response to SRM can be explained by the stabilization of surface temperature and freshwater flux in the high-latitude oceans (Figures 2a, 2c , and S1). Lunt et al. [2008] reported that during the 220 year simulations, there is a slight increase in AMOC in response to SRM with a maximum increase of 1.6 Sv. In our 1000 year SRM simulation, relative to CTR, the change in AMOC ranges from À2.6 to 1.4 Sv with a mean anomaly of À0.3 and À0.2 Sv averaged over years 60-100 and 960-1000, respectively (Table S1 ). HadCM3L-simulated change of AMOC in response to SRM during the first 50 years is also within the range of AMOC response in corresponding GeoMIP G1 simulations (J. Moore, Beijing Normal University, personal communication, 2016) . SRM also prevents warming of the deep ocean throughout the 1000 year simulation. Averaged over years 960-1000, in response to 4 × CO 2 , Figure 2 . (a-c) Model-simulated zonal mean distribution of changes in surface air temperature, precipitation, and precipitation minus evaporation (P À E) in the 4 × CO 2 and SRM simulations for the period of years 60-100 and years 960-1000, respectively. Equal area is used in the X axis. (d-f) Temporal evolution of RMS difference in surface air temperature, precipitation, and precipitation minus evaporation (P À E) for the 4 × CO 2 and SRM simulations. RMS differences are calculated relative to the CTR simulation using equation (1) over the globe.
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~3°C warming has penetrated to more than 2000 m, while in response to SRM, little warming in the deep ocean is simulated ( Figure S7 ). Figures 2d-2f and S8, throughout the 1000 year simulations, the RMS difference of temperature, precipitation, and P À E, relative to that of CTR, is smaller for the SRM than 4 × CO 2 simulation. For example, for surface temperature, the RMS difference in 4 × CO 2 relative to CTR keeps increasing with time, reaching 5.0 and 6.3 K (calculated over the globe) for years 60-100 and 960-1000, respectively. However, in SRM relative to CTR, the corresponding RMS difference remains at 0.8 K throughout the simulations (Table S3) , indicating the ability of SRM to stabilize surface temperature at the global scale.
As shown in
We also examine modeled climate change in 4 × CO 2 and SRM relative to the internal variability of CTR. To do this, we divide the modeled anomaly in a climate variable (relative to CTR) in 4 × CO 2 or SRM by the standard deviation (σ) of that variable calculated from the 1000 year time series of CTR. As shown in Figures 4, S9 , and S10, compared to 4 × CO 2 , during the 1000 year simulation period, SRM is effective in keeping simulated climate change, such as temperature, precipitation, and sea ice closer to the range typical of internal climate variability. For example, in SRM, averaged over periods of both years 60-100 and years 960-1000,~90% area of the globe has surface temperature change less than 2σ of CTR (Table S4 ). In contrast, for 4 × CO 2 , only 2% area of the globe has temperature change less than 2σ over years 60-100, and over years 960-1000, almost nowhere is temperature change less than 2σ (Table S4) . As for precipitation, for SRM, almost all globe has change less than 2σ of CTR over periods of years 60-100 and years 960-1000. However, for 4 × CO 2 , 80% and 71% area of the globe has change less than 2σ over years 60-100 and 960-1000, respectively (Table S4 ).
Discussion and Conclusions
Because of the slow natural processes to remove CO 2 from the atmosphere, unless anthropogenic CO 2 emission is reduced rapidly to near-zero values, substantial amount of atmospheric CO 2 and its climate forcing would persist for millennia. Theoretically, it may be possible to withdraw CO 2 from the atmosphere with CDR, but doing so would be technically and economically challenging [National Research Council, 2015b] . Given the long lifetime of anthropogenic CO 2 , the effective irreversibility of climate change on human timescales and hence the long-term climate change commitment, solar geoengineering, if ever deployed in the absence of large-scale implementation of CDR schemes, might induce strong incentives to maintain the system for millennia [National Research Council, 2015a] . Earlier studies concluded that if anthropogenic CO 2 emissions were unabated and solar geoengineering were relied on to mitigate CO 2 -induced warming, the consequences of geoengineering termination would engender increasing risk [Matthews and Caldeira, In this study, we assess the long-term climate response to solar geoengineering by performing a 1000 year simulation in which a uniform reduction in solar irradiance is used to offset CO 2 -induced global warming. Our results suggest that solar geoengineering may be able to diminish many aspects of CO 2 -induced climate change without substantial drift in geoengineered surface climate. If continued long-term climate change was to occur under long-term solar geoengineering, it would most likely arise from accumulated dynamic feedback of the ocean, which is one important aspect of the climate system that can undergo major changes on the centennial timescale. At time progresses, ice sheet response would also become important [McCusker et al., 2015] ; climate feedbacks involving ice sheets are not addressed in this study. Our findings from simulations of a single climate model do not guarantee that long-term climate change would not occur in the real world if solar geoengineering was deployed over many centuries. Multimodel experiments, preferably with higher resolutions in the ocean, are needed to further investigate long-term climate response to solar geoengineering.
We have examined the long-term effect of solar geoengineering on some physical aspects of the climate system including temperature, hydrological cycle, sea ice, and large-scale ocean circulation. Other important elements of the climate system, including ice sheet, dynamic vegetation, the ocean and land carbon cycles, and marine and terrestrial ecosystems, are not included in the simulations here. It would be useful if these factors were explored in future studies. Also, here we assumed a constant 4 × CO 2 stabilization concentration throughout the 1000 year simulations. A less simplistic scenario in the future could be that solar geoengineering is implemented to counteract climate change with gradual change in anthropogenic CO 2 emissions. In this context, geoengineered climate would depend on interactions between CO 2 emissions, atmospheric CO 2 concentration, and reduced solar irradiance. The long-term behavior of this coupled climate-carbon cycle system with solar geoengineering merits further study. Furthermore, we tested the long-term climate change in response to idealized sunshade geoengineering scheme; long-term climate and environmental response to other proposed solar geoengineering schemes, such as stratospheric aerosol injection and marine cloud brightening, is also a topic of investigation for future studies.
Our model simulations provide evidence that solar geoengineering may be capable of reducing effects from increased atmospheric greenhouse gas concentrations even on the 1000 year time scale. This is not a surprising result because the perturbation to air-sea energy fluxes is overall smaller in a high-CO 2 world with some appropriate amount of solar geoengineering than it would be without this solar geoengineering. Thus, ocean circulation would be expected to be less affected in the solar geoengineered high-CO 2 world than it would be in the high-CO 2 world in the absence of solar geoengineering. Because the 4 × CO 2 simulation continues to 
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warm after the first century of simulation, whereas the solar geoengineering simulation does not have appreciable residual change, the difference between these two simulations grows appreciably with time.
In contrast, the difference between the solar geoengineering simulation and the control simulation does not grow appreciably with time. Our results do not provide evidence that the degree of mismatch between the solar geoengineered climate and the preindustrial climate would increase over time if solar geoengineering were implemented continuously in a CO 2 -stabilized world. Of course, the evidence we provide is limited and provisional and motivates further research aimed at assessing the robustness of our inferences. Furthermore, even in the absence of substantial residual climate drift, solar geoengineering deployed at large scale over a 1000 year interval would be a risky undertaking.
